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The ALE Advantage in Hypervelocity
Impact Calculations

Michel Gerassimenko
Lawrence Livermore National Laboratory

The ALE® coce is usal to mode experiments relevanto hypervelocy impad lethality,
carried ou in the 45 km/s velocityrange The coe is runin the Euleriam and ALE modes.
Zoning in the calculations is refined beyond the level domnmog lethality calculations,but
still shoit of convergenceThe levd of zonimg refinement thaproduce equivalent resugtin
uniformly zoned Euleria calculatiors and ALE one utilizing specializedzoning weighting
and relaxatiom techniques g established. tl takes 11 times feweg zones and abow 60% as
many cycle when ALE capabilities are used Calculatiors are compare@ to experimental
results.

Introduction

ALE3D is usedto model experimestconductd unde the Pod Lethality Analysis Team
program specifically to provide benchmaidat for lethality codecalculations. In theourse of
the calculationsve study the effectof zoning and runthe codeboth inthe Arbitrary Lagrange
Eulerian (ALE) mode and &Eulerian mode The calculationshow large dependenaaf physical
parameters sicas pe& pressure and the timingof peakpressures mzonesize,in fact conver-
gence is not achieved even though zone size is taken torsduaénsio than that typicallyfound
in lethality calculations. Comparison of the calculations nuihé two modes withead other,ard
with the experimental data allous to establish the numbef zones required to producsimilar
numbers in the ALE and Eulerian modes of running ALE3D.

Experiments

In the experiments a spherical aluminum 2.54cm diampedgctile impacts a water fillesteel
cylinder, surrounded bghe three more water filled cylinders atweb solid aluminun ones. The
cylinders are ~20 cm long ~6han diamete with ~0.6cmwalls, and are instrumentedith gages
tha respondto pressure An artists view of the experimentasetup is given in Figuré. The
cylinders aredesigned tdail at thewaist beforethe ends one of which hagag feedthroughs,
give way. The gages are carbon-compasiteEsistos encased in thibrass tubeswWe modeltwo
nominally identical experiments thproduced dataA preliminary report describing ¢hexperi-
mental conditions ahdai has bea published. Thetwo tests referred to as 9714 and 9715 had
nearly identical projectile velocitiesf 4.09 and4.03 km/sec respectivelyThe nominal aimpoint
was right at the centeof the cylinder close to the midplamhich containsa pressuregage. The
actual hit points were both 0.76cm to the side of aimpoint, at aimpoint fiergd715 ard 1.65cm
low for 9714 Both tests broke opetihe impacteccylinder, flattened the one directly behind
without opening it and open@bsmal gashin the cylinder adjacent to the impactedke located to
the rightof it. Pressure profiewere measured in botadjacehand rearcylinders. Early pres-
sures weg measuredn the impacted cylinde shortly followed by gag failure. No meaningful
pressures wermeasured in the diagonally located waterdiltylinder, they were todow. The
reliability of the measured pressure profiles is limitgdhe lack of actual gagecalibration. Nomi-
nally identical gages have been calibrated by a collaboration betwedn &dithe manufacturef.
We haveusa their calibrationcurve It is alsoknowr?* that thegages responchore quicky to
pressure increasdisan topressure decreases,daare subject to baselirdrift, so we restrictour
attention to the early portion of the records that incorporate the first or at most thevfiostaie in
the data.
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Calculation Method

The two experiments are modeledith one calculation.The velocity is taken to be
4.06 km/sec. A plane of symmetry is used to model only the téhtde cylinders The below-
plane impact of 9714 is approximated by mgwvine gage location by the sanme amoun within the
modeled portiorof the cylinder(i.e. up by 1.65cm) The gage locations eshownin Figure 2.
The background matetigs air at STP even thougtthe experimentsvere carried out in an evacu-
ated chamber. Given the sindistane the projectile travek before impact in thecalculations, this
shouldhave no impactGruneisen equations sfate araised for aluminumsteel andwater. A
Steinberg-Guinan constitutive model is used for the metals. Faiuensio is sd at 6.8kbar for
aluminum and 27kbar for steel, and at an effective plastic strain of 0.2 for the cylindeiVedés
can support only10 millibars ¢ tension Pressue equilibrationof materials in mixedzones is
turned off. Given the memory limitsof the platformused inthis study, we achieve the smallest
possible zone size by running the calculations as two@asnodelirg the impactedand adjacent
cylinders, the other modeling the impacted and rear cylinders. The two sets of cakalatfaity
compatible in termsf zoning,anda coarsecalculation including the diagonal cylindehas been
successfully run.

Impacted and Adjacent Cylinder Modeling

We start out by running ALE3Dithe Eulerian mode ard perfom calculatiors with 3, 2 and
1.5mmzonesize, correspondqto 2, 3 and 4 zones acrseshe thickness forthe cylinderwall.
The large differenceseen inthe calculations prompt an additionaleonith 1.8nm zore sizes.
Cross sections throug the symmetry plandor thesefour different zone sizesre shown in
Figures 3, 4 and 5. The starting point of the calculation is shown in Figutgl& the othetwo
figures show the calculation 20 an@4sec later Examinationof Figures 4 and Shows the area
gouged out in the adjacent cylinder to be zoning dependdatt ifor the coarsest zoning dmm
the adjacent cylinder is not yet broken open (it is broken ap@0 psec into the calculation)The
calculatel pressure profiles fothe four different zone sizeatthe gage locationfor shos 9714
and 9715 are shawin Figure 6. The calculategoressure profileare quite sensitive to zorséze.
For 3mm zoresize therds no discernable peak in eithprofile. The profiles get more peakeds
zoning is refined with a well defined peak lasting +88c¢ evidentri the pressurs calculatel with
1.5mm zoning. The calculated peak presssiedsd strongly zoning dependent For 3mm zoning
the peakpressure isabout three timesower thanfor 1.5mm zoning. Even going froml1.8 to
1.5mm zone increases thenaximum pressure bya third. The peak in theressure profiles has
not converged at the smallest zone size of our calculations: 1.5mm. Platform metnany ame
considerations render finer zoning impractical for this study.

Before moving on to ALE calculations, we want to look at one reason for the great zoning
sensitivity of these calculations: the projectile breakup. The plane of symmetry cross section for
1.5mm zoning is shown every 2 Usec from the beginningof the calculationto 22 psec in Figures
7 through 9. Several small pieces break off the projectile, starting at 8 psec and continuing to
16 psec. It is these fragments that open up the adjacent cylinder and produce the peaked
pressure profile seen in the highest resolution calculation.

We then move on to ALE calculations. We first tried a uniform mesh with material weights
used to refine zoning in places of interest, such as the projectile and the cylinder walls. This
provided some improvement, but we found we could do better by setting up specialized zoning.
In this specialized zoning we initially put the desired number of zones across the walls of the
cylinders with the zone boundaries at the wall boundaries. We then relax the mesh, using weights
for each material to keep zones where we want them concentrated. A cross section along the
symmetry plane before and after the relaxation process is shown in Figure 10. Since the projectile
breakup is a key element in these calculations we also use weighting based on effective plastic
strain to keep zoning concentrated on the projectile. We perform the ALE calculations with a
much smaller total number of zones, to see how many fewer can be used to produce results
comparable to those of the finely resolved Eulerian runs. We now show results obtained with an
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Figure 2.  Cross section through the symmetry plane (top) and the pfahe aimpoint andhe
impacted cylindeaxis (bottom)showing tracer points corresponding to gadoca-
tions in shots 9714 and 9715.
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Figure 3: Symmety plare cross sectiosat problem start througltulerianruns d different
uniform zoning.
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Figure 5:  Symmetry plane cross sections af#@c throu Eulerian runs d different uniform
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Figure 6: Calculated adjacent cylindgressure profiles foEulerian runs d different uniform
zoning at locations corresponding to gages in shots 9714 and 9715.
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Figure 7.  Symmety plare cross section througha uniformly zonedEulerian run showing
projectile impact and deformation.
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Figure 8: Symmety plare cros section througha uniformly zonedEulerian run showing
projectile fragmentation.
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Figure 9: Symmety plare cros section througha uniformly zonedEulerian run showing
impact of projectile fragments onto adjacent cylinder.
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Figure 10:  Symmety plare cross section through aALE run showing initial zoning and
zoning after relaxation.
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ALE calculation with 1/11 tanumbe of zones usedin the 1.5nm zoning Eulerian calculation. A
planeof symmetrycrosssectionis shown every 2usec from the beginningof the calculation to
22 usec in Figures 1 through 13 The breakups notidentical to tha shown earlie for the
Eulerian calculation, with larger pieces comoffl. Plane of symmetrgross sectionsat 20 ard
40 usec into the ALE and 1.5mm Eulerian calculations arshown in Figure 14. Clearly the
gouging ofthe adjacent cylindes comparabldéor thetwo calculations The calculatedoressure
profiles at the gage locationfor shos 9714 and 9715are comparedor the ALE and 1.5mm
Eulerian calculationsiiFigure 15 The peak amplitudes are quilose,although thewo profiles
are not the same. The redsroken-y appearancef the ALE calculatedprofiles is due to coarser
zoning and zone boundary movement across the tracer point location.

Impacted and Rear Cylinder Modeling

Again we start out with calculationsnithe Eulerian mode andtgp the calculationsa
~120pusec whe the major deformatiorof the rear cylinde has taken place. Cros sections
through the symmetry plandor 3, 2 and 1.5nm zoning areshown in Figures 16and 17.
Figure 16 show the startingpoint, while Figure 17shows the calculationl00 psec later In
contrast to the adjacent cylinder behavior, no large gatépenderein the rea cylinder shape is
evident. The calculategbressure profilesit the gage locationfor shos 9714and 9715 fo 4, 3
and 1.5mm zoning are shown in Figure 18. We see a moderate zoning dependeramalittite
as well as one in #&timing of the first and largest peakithe pressure Timing of the profiles as
well as those from 6 and 2mm calculations are given in Table 1.

Table 1
Timing of the calculated pressure profile peaks in rear cylinder

9714 9715
Zone First Peak Largest Peak First Peak Largest Peak
Dimension Half Height Half Height Half Height Half Height
mm psec psec psec psec
6 45.5 60.5 45 60
4 55.5 71 54.5 70
3 55.5 74.5 54.5 73.5
2 58 76 57.5 74.5
1.5 59 78 58.5 77

We nex perfom ALE calculations with zoning and weighting conditions essewntidéntical
to those discussed earlier for the adjacent cylinder. Since the rear cylinder is not persetvatksd it
are kept Lagrangiathroughot the calculationwith four zones acrostghe wall thickness. In
Figure 19 we sho a symmetry planecrosssectionat initial time and 1@ psec fo the ALE
calculation, withthe 100 psec cros section throughhe 1.5mm Eulerian calculation includefor
comparison The ALE calculationhas 11times fewer zones thathe 1.5mm Eulerian calculation.
The calculated pressure profiles at the gage locations for shots 9714 andeXtbare for the
ALE and1.5mm Eulerian calculations ifrigure 20 The pe& amplitudes are quite close hbile
timing of the first and largest peakare even latefor the ALE calculation than the Eulerian one
(and later timing corresponds to finer zoning as indicated in Table 1).

Comparison of Calculations with Data

We now compare the code calculationgth the datafrom shos 9714 and 9715. We have
mentioned earlier thainly manufactures specificatios were used fortranslating the measured
signals intopressurethat thegages are known to respom more quickly © pressure ris¢han to
pressue fall and to exhibit baselinshifts. We also madeno attempt to model the actugage
package which consists of a carbon resistor epoxied into a thin brass tube. In the calculation the
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Figure 11:  Symmety plare cross section through aALE run showimg projectile impact and
deformation.

14



NECDC October 1998

ALE ALE
A1,:8“]_5 - = ] OHS FE
| : 1
] — }
Iy T
1 &
I ] -
o = H
:EI:; |- i
- ALE ; C"ALE
—t=12us 1 1T L t=14ps L
, T
11
7 H
[
1177
11 —
1 —__— [ 1

Figure 12: Symmety plare cros section throug an ALE run showimg projectile
fragmentation.
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Figure 13:  Symmety plare cross section through a\LE run showimg impact of projectile
fragments onto adjacent cylinder.
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Figure 18:  Calculated rear cylindgpressure profiles foEulerian runs d different uniform
zoning at locations corresponding to gages in shots 9714 and 9715.
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Figure 19:  Symmetry plane cross section through an ALE run at t=0 angsii0ad through
a finely and uniformly zoned Eulerian run at J@&c.
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Figure 20: Comparisa of measurd adjacent cylinde pressure profiles witltalculatel ones
using a finely and uniformly zoned Eulerian run and an ALE run for shots &y
9715.
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pressure is calculated in water at the locatibthe gage. Forthe adjacenaind rear cylinderthere

is littl e differene whether the gage locatios taken to movevith the materiabr remainfixed in
space. For the impacdeylinde it does makea differenceand wetake the gage location to move
with the material.A final comment about timingthe experimenth values for 9715are left
unchanged since they match the calculated timirtgeopressure rise anaflection off the wallin
the impacted cylinder quite well. For 9714)8=c is added to the recorded valwesibke the data
and the calculations match.

The pressure profiles in the adjacent cylinder for the 1.5mm Eulerian dadatulatiors are
compared to data from 92rd 9715 in Figure 21. The pressure profiles ithe rear cylindefor
the same calculations are compared to the datagure 22 For the adjacent cylindewhich
calculation represents a better ditthe dat is a matte of taste Thereis little to choose insofar as
the peak amplitudenvhich we haveshownto be very sensitive tozoning, & concerned The
calculated pressures amount to ~2/3 of the experimental values. While the ALE calcul&@ittbfo
seems to more closebaptue the initial timing of pressure risethe shape oftha rise is better
captured in the Eulerian calculatidror the rear cylinder the amplitudehich we haveshownto
be slightly sensitive to zoning is very cldee the two calculatiors and amounts toa little more
than halfof the experimentalalue The timing of the first and largespeaks, whib we have
shown to be sensitive to zoning, is better matched by ttkecalculation than thé.5mm Eulerian
one. The shape of the peaks for 9714 is better natohthe 1.5mm Eulerian calculation than the
ALE one.

Comparison ofthe calculationsvith the datashows them toprovide similar fits although
somewhat poor in botbases Sincewe have not established convergentéhe calculatel pres-
sures with respecbzore size and do noknow the error bar inthe measuregressures, ware
unable to further investigate the differences between the calculated and measured.pta&salies
we conclude that aALE calculationwith 11 timesfewer zones thaa uniformly zoneal Eulerian
calculation provide the same quality fit to the data.

Conclusions

We have compared Eulerian@&ALE calculations to each othand todata collectesn two
experiments. Inthe experiments the adjacent cylingeas penetratedut slightly, representga
lethd outcome.The rear cylindewas deformel but not penetrated representing an outcome just
short of lethal. Calculations reproduce this behavior, althowgbatloulatel pressure profilebave
not converged with respect to zosize Calculationsof the pressuresn both cylindersshaw that
ALE capabilityallows 11times fewer zones to be udeompare to a uniformly zonel Eulerian
calculation. TheALE calculation also takes about0% of the cycles requirethy the equivalent
Eulerian one to get toétsane time. The advantage are substantial, buit must berealized that
they come at a price: spdcieoning selected materialveights, weighting according teffective
plastic strain and Lagrangian treatment of unperforated cylintieesAL E advantage may welle
problem dependent, but it is noteworthy that wd firto be abou 11 for outcomes irthe vicinity
of lethal damageWhether theAL E advantages worth the troubleis cleary problan dependent,
but it is likely to be the castor a number of problems ahterest to thehigh velocity impact
lethality community.
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